Bacteriocins of lactic acid bacteria are antimicrobial peptides and have created great interest as biopreservatives in foods and for health care and pharmaceutical applications (16, 19) . Muriana and Luchansky (22) have reviewed the methods most frequently used for isolation, concentration, and purification of bacteriocins. These methods usually involve salt precipitation of bacteriocins from culture supernatants, followed by various combinations of gel filtration, ion-exchange chromatography, and reverse-phase high-performance liquid chromatography. Yang et al. (29) and Daba et al. (15) have reported a simple method for the purification of pediocin involving adsorption of the bacteriocin onto the producer cells at pH 5.5 followed by extraction at pH 2.0. However, the recovery of bacteriocin activity by this method did not exceed 10%. De Vuyst and Vandamme (18) provide a brief review of industrial approaches to the recovery of nisin, including adsorption of nisin onto silica-type adsorbents by Russian research groups (6) (7) (8) . Daeschel et al. (17) and Bower et al. (11) have adsorbed purified nisin in phosphate buffer solution to hydrophilic and hydrophobic silicon surfaces as an approach to using nisin as a surface-active in situ sanitizer.
Diatomaceous earths and porous silica-derived compounds (e.g., calcium silicate and silicon dioxide) have been widely used as food-grade anticaking, clarifying, and filtration agents (2, 9) , for cell and enzyme immobilization (12, 20) , and for controlled-release formulations of biologically active molecules (21, 27) . In addition, Pillot et al. (24) and Agraz et al. (1) have reported the use of diatomaceous earth for purification of hepatitis B surface antigen. In the present study, bacteriocins were extracted from growth media by adsorption to Micro-Cel, a porous calcium silicate produced by the hydrothermal reaction of diatomite, hydrated lime, and water (4) . The optimum conditions for desorption of piscicolin 126 were investigated, and the relative purity of the desorbed preparations was compared with that of ammonium sulfate preparations. The optimum conditions for desorption of piscicolin 126 were also applied to desorption of other bacteriocins from Micro-Cel, including nisin, pediocin PO2, and brevicin 286.
MATERIALS AND METHODS
Bacterial strains and media. Cultures used in this investigation were obtained from the culture collection of the Australian Food Industry Science Centre, Werribee, Victoria, Australia. The nisin-producing strain of Lactococcus lactis subsp. lactis (AFISC 2011) used in this investigation was isolated from a commercially available starter product. Pediococcus acidilactici PO2 (AFISC 2702) was obtained from T. Klaenhammer for pediocin PO2 production (13) . Lactobacillus brevis VB286 (AFISC 2120) was isolated from vacuum-packaged meat and produces a peptide (brevicin 286) active against Listeria monocytogenes (14) . Carnobacterium piscicola JG126 (AFISC 4008), formerly identified as Carnobacterium divergens and renamed after 16S rDNA sequence identification (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany), was isolated from ham and produces piscicolin 126 with strong antilisterial activity (28) .
Cultures were routinely propagated in the indicated media (all obtained from Oxoid, West Heidelberg, Victoria, Australia) and at the indicated temperatures and times: L. lactis subsp. lactis, in M17 broth with 0.5% glucose substituted for lactose at 30ЊC for 16 h; P. acidilactici PO2, in MRS broth at 30ЊC for 16 h; L. brevis VB286, in MRS broth at 20ЊC for 36 to 48 h; C. piscicola JG126, in acetate-free MRS broth at 20ЊC for 16 to 24 h; Brochothrix thermosphacta (AFISC 0605) and L. monocytogenes 4A (AFISC 2310), in Trypticase soy broth supplemented with 0.6% (wt/vol) yeast extract at 30ЊC for 16 h. Stock cultures were stored at Ϫ80ЊC as a suspension in nutrient broth containing 16% (wt/vol) glycerol.
Bacteriocin preparations. Bacteriocin producers were inoculated (at 1%, vol/ vol) in the appropriate media and incubated at the temperatures and times described above. Cells were removed from fermentation broth by centrifugation (12,000 ϫ g for 30 min at 4ЊC) and filter sterilization (pore size, 0.45 m; Minisart NML; Sartorius GmbH, Göttingen, Germany), and the resultant supernatant was used for adsorption-desorption studies. Crude concentrated preparations of bacteriocins were prepared by precipitating the culture supernatants (2 liters) with 516 g of ammonium sulfate per liter at 4ЊC overnight and resuspending the collected pellet (by centrifugation at 12,000 ϫ g for 30 min at 4ЊC) in a minimum volume (100 to 120 ml) of sterile distilled water (14) . By this method, yields of more than 90% of the antimicrobial activity in the culture supernatants were previously obtained with brevicin 286 (14) .
Determination of bacteriocin activity. 7 .0) with various NaCl concentrations. Organic solvents were used undiluted, whereas the water-soluble surfactants (Triton X-100, Tween 80, SDC, and SDS), chelating agents, and solvent-soluble surfactants (monolaurate and monooleate) were dissolved at the concentrations indicated, in sterile distilled water and ethanol, respectively. Desorption solvents and solutions at the concentration and pH specified were tested against all indicator lawn cultures as controls.
Adsorption of bacteriocins with Micro-Cel. Micro-Cel was added (1%, wt/vol) to culture supernatants of nisin (256 IU/ml, pH 5.2), pediocin PO2 (51,200 AU/ml, pH 4.5), brevicin 286 (25,600 AU/ml, pH 5.0), and piscicolin 126 (51,200 AU/ml, pH 5.0) at the fermentation end pH and mixed by vortexing at 10-min intervals during adsorption for 30 min at 20ЊC. The supernatant was then separated from the solid particles by centrifugation (12,000 ϫ g for 10 min at 20ЊC) and filter sterilization (pore size, 0.45 m; Minisart NML; Sartorius GmbH) and assayed for residual bacteriocin activity. The particulate residue after centrifugation was washed once and resuspended with an original volume of sterile distilled water, and bacteriocin activity was assayed. The washed Micro-Celadsorbed bacteriocin was used in desorption studies. Micro-Cel was suspended in sterile distilled water (1% wt/vol) and tested against indicator lawn cultures as a control.
Desorption of bacteriocins from Micro-Cel. The Micro-Cel-adsorbed bacteriocin was resuspended in an original volume of desorption solvent or solution. The suspension was vortexed three to four times during 30 min at 20ЊC, and the Micro-Cel material was recovered by centrifugation (12,000 ϫ g for 10 min at 20ЊC). The supernatant was collected after centrifugation and filter sterilization (pore size, 0.45 m) for determination of bacteriocin activity. The Micro-Cel residue was resuspended in an original volume of sterile distilled water for determination of residual bacteriocin activity. For desorption time course studies (5 min to 20 h at 20ЊC; with Tween 80, SDC, and SDS, all at 1%, wt/vol), aliquots (1.0 ml) of the suspensions were removed at appropriate time intervals, centrifuged, filter sterilized, and assayed for bacteriocin activity. In the temperature studies (with Tween 80, SDC, and SDS, all at 1%, wt/vol), the desorption at higher temperatures was performed in a water bath heated to 40 or 60ЊC.
The effect of pH (1.0 to 12.0) and temperature on the desorption of bacteriocin from Micro-Cel was also determined. The pH of the Micro-Cel-adsorbed bacteriocin suspension in sterile distilled water was adjusted to 1.0, 1.5, 2.0, 7.0, 8.0, 9.0, 10.0, 11.0, or 12.0 by the addition of 1 to 4 M HCl or NaOH. After desorption at 20ЊC for 30 min and separation of the solid particles by centrifugation, the pH of the supernatant was readjusted to approximately pH 5 by the addition of 1 to 4 M HCl or NaOH prior to the determination of released bacteriocin activity. The stability of the bacteriocin under these pH conditions was examined by determination of the residual bacteriocin activity in the culture supernatant (with the same pH adjustment).
Multiple desorptions of piscicolin from Micro-Cel were performed with Tween 80, SDC, and SDS, all at 1% (wt/vol). In this case, the Micro-Cel residue collected by centrifugation after the first extraction was resuspended in an original volume of desorption solution and extracted for 30 min at 20ЊC. The supernatant was collected by centrifugation and filter sterilization (pore size, 0.45 m) for assay of piscicolin, and the Micro-Cel residue was used for the third and the fourth desorptions.
Determination of organic nitrogen content. The inorganic ammonium nitrogen content of the bacteriocin preparations was determined in duplicate by using a modified Kjeldahl method (3) without acid digestion. Aliquots (10 ml) of bacteriocin preparations (pH adjusted to 7 to 8 by the addition of 1 M NaOH) were distilled for 3.5 min with a Kjeldahl distillation system (Tecator Kjeltec Distilling Unit 1026). The distillate (ϳ150 ml) was collected into 50 ml of boric acid (4%, wt/vol) and titrated with 0.04921 M H 2 SO 4 to pH 4.6 (Titrator TTT85; Radiometer, Copenhagen, Denmark). The total nitrogen content of the bacteriocin preparations was determined in duplicate by using a Leco Nitrogen Determinator (FP-228, model 601-700; Leco Corporation, St. Joseph, Mich.) calibrated with EDTA. The organic nitrogen content was determined by subtracting ammonium nitrogen from total nitrogen.
Removal of SDC and SDS from desorbed bacteriocin preparations. The SDC in the desorbed bacteriocin preparations was precipitated by adjusting the pH of the preparation from 8.4 to 4.5 by the addition of 1 M HCl, and SDS was precipitated by cooling at 2ЊC for 16 h. The precipitated SDC and SDS were pelleted by centrifugation (12,000 ϫ g for 1 min at 2ЊC), and bacteriocin activity in the supernatant was determined. The pellet was dried at 100ЊC for 2 h, and the dried material was regarded as the amount of SDC or SDS removed.
RESULTS
Adsorption of bacteriocins onto Micro-Cel. Culture supernatants of nisin (256 IU/ml, pH 5.2), pediocin (51,200 AU/ml, pH 4.5), brevicin (25,600 AU/ml, pH 5.0), and piscicolin (51,200 AU/ml, pH 5.0) were each adsorbed with Micro-Cel (1%, wt/vol) for 30 min at 20ЊC. All four bacteriocins were adsorbed, with little activity detected in the supernatants (Ͻ16 IU/ml for nisin, Ͻ200 AU/ml for pediocin and brevicin, and 400 AU/ml for piscicolin) and 100% activity recovered in the Micro-Cel. The amount of bacteriocin adsorbed per gram of Micro-Cel was 25,600 IU of nisin, 5,120,000 AU of pediocin, 2,560,000 AU of brevicin, and 5,120,000 AU of piscicolin.
Desorption of bacteriocin at acidic and alkaline pH conditions, with organic solvents, salt, urea, and chelating agents. The Micro-Cel-adsorbed piscicolin (5,120,000 AU/g of MicroCel) was eluted with distilled water for 30 min at 20ЊC over a wide pH range (1.0 to 12.0) (Fig. 1) . No detectable amount of piscicolin (Ͻ200 AU/ml) was eluted between pH 1.5 and 10.0. At pH 1.0 and 11.0, 800 and 6,400 AU of piscicolin per ml were Desorption of piscicolin from Micro-Cel (5,120,000 AU/g of Micro-Cel) was also attempted at 20ЊC for 30 min with either methanol, ethanol, acetonitrile, 0.2 M phosphate buffer (pH 7.0), 1 M NaCl in 0.2 M phosphate buffer (pH 7.0), 1% (wt/vol) urea, 1% (wt/vol) disodium EDTA, or 1% (wt/vol) trisodium citrate. None of these desorption agents produced a zone of lysis in indicator lawn cultures or resulted in a detectable amount (200 AU/ml) of piscicolin in the eluent, and 100% piscicolin activity (5,120,000 AU/g of Micro-Cel) was recovered in the Micro-Cel residue after treatment. Attempts to desorb brevicin (2,560,000 AU/g of Micro-Cel) with the abovementioned solvents and solutions showed identical results (data not shown).
Desorption of piscicolin with surfactants. The Micro-Celadsorbed piscicolin (5,120,000 AU/g of Micro-Cel) was eluted for 30 min at 20ЊC with 1% (wt/vol) of various surfactant solutions (Triton X-100, Tween 80, SDC, and SDS in water at their natural pH or pH 10.0, and monolaurate and monooleate in ethanol) ( Table 1) . None of these surfactant controls, at the concentrations or pHs specified, produced a zone of lysis in indicator lawn cultures. Triton X-100 and Tween 80 at their natural pH (7.4 and 6.0, respectively) desorbed only minimal amounts of piscicolin in the eluents (200 and 400 AU/ml, respectively), and 51,200 AU/ml (100% activity) remained in the Micro-Cel suspension. At pH 10.0, both Triton X-100 and Tween 80 desorbed a higher activity of piscicolin (400 and 1,600 AU/ml, respectively). In contrast, independent of the elution pH (SDC, 7.4 and 10.0; SDS, 6.5 and 10.0), SDC and SDS desorbed 12,800 and 38,400 AU of piscicolin per ml (25 and 75%, respectively), with 51,200 and 25,600 AU of piscicolin per ml remaining in the Micro-Cel suspensions, respectively. The total piscicolin activity recovered in both eluents and their corresponding Micro-Cel residues of up to 125% fall within the errors of bacteriocin activity determinations. Monolaurate and monooleate did not desorb any detectable amount of piscicolin (Ͻ200 AU/ml).
The time course for desorption of piscicolin from Micro-Cel was examined by extracting the Micro-Cel-adsorbed piscicolin (5,120,000 AU/g of Micro-Cel) with the original volume of 1% (wt/vol) solutions of Tween 80, SDC, and SDS for 20 h at 20ЊC (Fig. 2) . The time required for maximum desorption of piscicolin (38,400 AU/ml, corresponding to 75% of adsorbed activity) varied from less than 30 min with 1% (wt/vol) SDS to 4 h with 1% (wt/vol) SDC. Tween 80 (1%, wt/vol) was the least effective surfactant, desorbing only 3,200 AU of piscicolin per ml (6%) over 20 h.
After the first extraction treatment (30 min at 20ЊC) with Tween 80, SDC, or SDS (all at 1% wt/vol), the residual MicroCel was treated a further three times with the respective surfactant solution under the same conditions. The total amounts of piscicolin desorbed after four extractions were 6, 62, and 118% for Tween 80, SDC, and SDS, respectively, with 100, 50, and 5% piscicolin activity remaining in the Micro-Cel, respectively (Fig. 3) . The total piscicolin activity recovered in both eluents and their corresponding Micro-Cel residues of up to 120% fall within the errors of the bacteriocin activity determinations.
The effect of surfactant concentration on desorption of piscicolin was investigated by extracting Micro-Cel-adsorbed piscicolin (5,120,000 AU/g) with a volume equal to that of the adsorption culture supernatant, using various concentrations (0.1 to 5%, wt/vol) of Tween 80 (pH 10.0), SDC (pH 8.4), and SDS (pH 6.5) for 30 min at 20ЊC (Fig. 4) . The increase in concentration of SDC and SDS from 0.1 to 1% (wt/vol) greatly increased the desorption of piscicolin (from 200 to 12,800 AU/ml for SDC and from 6,400 to 38,400 AU/ml for SDS). At a concentration of 5% (wt/vol) SDC and SDS, 75% piscicolin (38,400 AU/ml) and 100% piscicolin (51,200 AU/ml) were desorbed, respectively. Tween 80 at a concentration of 5% (wt/vol) desorbed only 12% piscicolin (6,400 AU/ml).
In an attempt to further increase the biological activity of the desorbed piscicolin preparations, Micro-Cel-adsorbed piscicolin (5,120,000 AU/g of Micro-Cel) was also extracted with 1/10 volume (of the original culture supernatant) of 1% (wt/vol) SDS. With this approach, the biological activity of the desorbed piscicolin preparation achieved 409,600 AU/ml, ϳ10 times higher than that obtained with a 1-volume desorption solution. This high concentration of piscicolin is in the range of that obtained by ammonium sulfate precipitation (409,600 to 819,200 AU/ml).
The effect of temperature on desorption of piscicolin from Micro-Cel was also studied by extraction with Tween 80, SDC, or SDS (all at 1%, wt/vol) for 30 min at 40 and 60ЊC. Increased temperature did not increase the desorption efficiency compared with that at 20ЊC (data not shown).
Relative purity and specific activity of piscicolin preparations. The relative purity of the SDC-and SDS-desorbed piscicolin preparations (with piscicolin activity of 12,800 to 51,200 AU/ml) was compared with those of the original piscicolincontaining culture supernatants and ammonium sulfate-precipitated preparations on the basis of organic nitrogen content (Table 2) . A 1% (wt/vol) Micro-Cel suspension did not inhibit the growth of indicator bacteria (expressed as 200 AU/ml, the detection limit for bacteriocin activity) and contained no detectable organic N (Ͻ0.01%). The SDC and SDS eluents showed 25 to 100% piscicolin activity (12,800 to 51,200 AU/ml) of the original culture supernatant, with an organic N content less than the sensitivity of detection (0.01%, wt/vol). The piscicolin specific activity of these eluent preparations (Ͼ128 to 1,700 AU/g of N) was 4 to 90 times greater than those of the piscicolin culture supernatant (19 AU/g of N) and the ammonium sulfate-precipitated preparations (30 AU/g of N). Desorbed piscicolin preparations were free of Ͼ96.2 and Ͼ99.6% (1-volume elution) and 92.6 and 99.3% (1/10 volume elution) of the organic N occurring in the original culture supernatants and ammonium sulfate preparations, respectively.
Desorption of nisin, pediocin, and brevicin from Micro-Cel. Nisin, pediocin, and brevicin were studied under the conditions established for piscicolin. Desorption of nisin, pediocin, and brevicin from Micro-Cel was also achieved with 1/10 volume of 1% (wt/vol) SDS for 30 min at 20ЊC, with recoveries of activity in the eluent (80 to 100%) similar to that obtained with piscicolin. Comparison of the specific bacteriocin activities of the desorbed preparations (17 IU of nisin, 2,048 AU of pediocin, and 819 AU of brevicin per g of N) with those of the culture supernatants (0.13 IU of nisin, 15.28 AU of pediocin, and 7.34 AU of brevicin per g of N) showed that 128-, 134-, and 112-fold purification was achieved for nisin, pediocin, and brevicin, respectively, and that desorbed preparations were approximately 90 to 94% free of organic N ( Table 3) .
Removal of SDC and SDS from desorbed bacteriocin preparations. Adjusting the pH of the SDC (5%, wt/vol)-desorbed piscicolin preparation (38,400 AU/ml) from 8.4 to 4.5 resulted in the removal of more than 90% of the SDC. However, no detectable amount of piscicolin was retained in the supernatant, and 100% of the activity was detected in the resuspended SDC precipitate, indicating that all piscicolin activity was associated with the precipitate.
Cooling the SDS (1%, wt/vol)-desorbed bacteriocin preparations (nisin, 256 IU/ml; pediocin and piscicolin, 38,400 AU/ ml; brevicin, 19,200 AU/ml) at 2ЊC for 16 h resulted in the removal of 68% (for nisin) and 60% (for pediocin, brevicin, and piscicolin) of the SDS and 100% retention of bacteriocin activity in the supernatants. However, little precipitation was observed with the piscicolin preparations eluted with 1/10 volume of SDS solution (409,600 AU/ml). Decreasing the temperature to Ϫ5, Ϫ10, and Ϫ14ЊC did not result in increased precipitation of SDS, prior to freezing of the solution at Ϫ15ЊC.
DISCUSSION
Adsorption of bacteriocins onto Micro-Cel most probably involved both electrostatic and hydrophobic interactions. The electrostatic interactions would be facilitated by the negatively charged diatomite particles over a wide range of pH (2.0 to 11.0) (4) and by the positively charged bacteriocin molecules at a pH below their isoelectric points which fall within the alkaline range (18, 25) . The electrostatic interactions between the Micro-Cel particles and the bacteriocin molecules were decreased at a pH higher than the isoelectric point of the bacteriocin (such as pH Ͼ 10, where the peptide molecules become negatively charged) or lower than 2.0 (where the silica surface becomes less negatively charged). Detectable amounts of piscicolin and brevicin were desorbed at pH 1.0 and 11.0, consistent with the change in electrostatic interactions. The remaining bacteriocin still associated with the Micro-Cel at these extreme pH conditions would most likely be due to the hydrophobic interactions. In contrast, Agraz et al. (1) reported that up to 80% of hepatitis B surface antigen was desorbed at pH 8.2 (in the presence of 0.02 M Tris-HCl, 0.003 M EDTA, and 100 g of sucrose per liter) after adsorption onto diatomaceous earth.
The hydrophobic interactions between the Micro-Cel surface and the bacteriocin molecules were influenced by the use of an appropriate surfactant. Micro-Cel-adsorbed piscicolin was effectively desorbed by SDS and SDC but not by Tween 80, Triton X-100, or monoglycerides. Similarly, Pillot et al. (24) reported 100% desorption of hepatitis B surface antigen from colloidal silica by using 0.25% SDC and 0.01 M sodium tetraborate at pH 9.3 and 56ЊC, and Daeschel et al. (17) reported that a substantial amount of nisin was released in 1% Tween 80 after adsorption onto hydrophobic or hydrophilic silicone sur- faces. Results obtained in the present study suggest that the hydrophobic interactions between Micro-Cel particles and piscicolin molecules are more important than the electrostatic interactions and that they were overcome more effectively by the use of strong surfactants (SDS and SDC). Nitrogen determination of the 1% (wt/vol) SDS-desorbed bacteriocin preparations showed that the adsorption of piscicolin onto Micro-Cel was relatively specific, resulting in approximately 90-fold purification with respect to N content. Desorption of nisin, pediocin, and brevicin under the same conditions showed a level of purification similar to that of piscicolin. The specificity of adsorption allowing substantial purification of bacteriocins during extraction from growth media is most likely due to the hydrophobic properties of the peptides. Further research is required to more clearly define the adsorption-desorption reactions of bacteriocin with diatomite calcium silicate.
Micro-Cel is inexpensive for use as an adsorbing agent and is suitable for addition as a food-grade anticaking agent to foods for direct human consumption (2). The preferred desorption agent, SDS, has been utilized as a food-grade emulsifier at up to 0.1% (5) . On the basis of the piscicolin activity in the desorbed preparations (409,600 AU/ml) and at an effective bacteriocin application level of 2,000 AU/ml (28), the SDS content (0.005%) applied to food with the bacteriocin preparations would be below the limit indicated. The present study also showed that SDS could be at least partially removed (Ͼ60%) from unconcentrated bacteriocin preparations. However, further method development will be required for the effective removal of SDS from the concentrated bacteriocin preparations. The adsorption-desorption technology developed in the present study offers a novel, inexpensive, and food-grade approach for recovering and concentrating, with substantial purification, bacteriocins of lactic acid bacteria from fermentation broth. a The biological activity of nisin is expressed in international units, and those of pediocin and brevicin are expressed in activity units.
